Introduction Colonoscopy workload for endoscopy services in Western countries is increasing markedly because of the implementation of faecal occult bloodbased mass screening programmes against colorectal cancer (CRC). We therefore explored the possibility of using a combination of faecal tests to prioritize the access to colonoscopy with criteria other than symptoms and/or time of referral.
Aims and methods
We tested a combination of faecal tests [immunochemical faecal occult blood test (i-FOBT), M2-PK, calprotectin] as markers for advanced neoplasia in a selected series of patients requiring colonoscopy for the suspicion of CRC. All the tests were performed in a 1-day stool sample of patients aged 50-80 years, without any dietary restriction, before colonoscopy.
Results A total of 280 patients' stool single samples were analysed. Forty-seven patients had CRC and 85 patients had one or more advanced adenoma(s) at colonoscopy/ histology. CRCs were associated with a highly significant increase (P < 0.001) in faecal tumour M2-PK (mean 24.2 kU/l), which correlated with Dukes' staging. For CRC detection, i-FOBT was the test with the highest specificity and positive predictive value (0.89 and 0.53), whereas M2-PK had the highest sensitivity and negative predictive value (0.87 and 0.96). Calprotectin showed performance similar to M2-PK in terms of sensitivity and negative predictive value (0.93), but had lower specificity (0.39). The best combination of tests to predict the risk of CRC in this series was i-FOBT + M2-PK, as in patients showing positivity to both markers, the risk of cancer was as high as 79%.
Conclusion
The combination of i-FOBT and M2-PK is a sensitive tool in clinical practice for the appropriate management of waiting lists for colonoscopy, as it allows the classification of patients into different degrees of priority for investigation, according to their foreseeable risk of CRC. 
Introduction
Colorectal cancer (CRC) is a major public health issue in Europe, as it comes second among cancer diagnoses for women, after breast cancer, and third in men, behind prostate and lung cancer. Moreover, it is the second most common cause of death from cancer in both sexes, with 207 400 deaths in 2006 and an estimated increase of 1.8% from 2004 [1] [2] [3] .
There is no doubt that the gold standard for early detection of CRC and its precursors (adenomatous polyps) is colonoscopy; however, the acceptance of this expensive and invasive method is low [4] . Easier, faster and more economical and acceptable screening methods to identify those patients most likely to have CRC and thus requiring colonoscopy are necessary. CRC screening by means of guaiac-based faecal tests has been associated with a reduction in CRC mortality by 15 -33% in randomized trials [5, 6] . This effect has been linked mainly to CRC downstaging in the screening arm, the 5-year survival being closely related to CRC stage at the time of diagnosis. However, the sensitivity of guaiacbased faecal occult blood test (FOBT) for CRC is quite low, being less than 30% for CRC and less than 15% for advanced adenomas in some studies [7, 8] . Higher sensitivity has been reported with the newer immunological FOBT (i-FOBT) [9, 10] , although it is still far from optimal. For this reason, with the FOBT screening approach, about half of all colonoscopies carried out on the basis of a positive test result show no evidence of neoplasia, resulting in a massive workload for GE services and increasing waiting lists for colonoscopy. To improve the efficiency of post-i-FOBT colonoscopy, new tests with increased sensitivity and specificity of i-FOBT could be proposed. Among these, tumour M2-PK and faecal calprotectin may represent suitable candidates.
In particular, calprotectin is a stable white cell neutrophil marker that can be assayed in stool with high precision and ease [11] . In one study, it was reported to have a sensitivity and specificity for CRC and polyps of 79 and 72%, respectively [12] ; however, these favourable results were not reproduced in subsequent studies [13] , and the test has been studied more extensively as a marker of intestinal inflammation both in children and in adults [14] .
The dimeric form of pyruvate kinase, also referred to as tumour M2-PK, is commonly expressed in cancer cells and can be detected in plasma in many cancers, including those of breast, lung and kidney and in the faeces of patients with gastrointestinal cancers [15] . A number of studies have shown a significantly higher sensitivity of this test (in the range of 72-85%) compared with FOBT in the detection of CRC [16] [17] [18] , but low sensitivity for advanced adenomas [19] .
The possibility of enhancement of the accuracy of faecal M2-PK (e.g. by combination with other faecal markers), to use this test in the diagnosis of CRC and adenomas has not been explored so far.
The primary aim of this study was, therefore, to assess the potential usefulness of a combination of faecal tests (M2-PK, calprotectin and i-FOBT), performed on a single stool sample, in the selection of patients requiring prompt colonoscopy for the suspicion of CRC in an enriched-disease population.
Methods

Patients
This was a prospective, multicentre study that was carried out in three participating centres (A. Manzoni Hospital, Lecco, S. Orsola Hospital, Bologna, and Regina Margherita Hospital, Rome). All outpatients 50 and 80 years of age consecutively attending the Gastroenterology Clinic at these institutions for a specialist opinion on abdominal symptoms in the suspicion of an organic bowel disease were potentially eligible for the study. In particular, inclusion criteria were the presence of symptoms for at least 3 weeks and requirement for a radiological or an endoscopic procedure for clinical management.
Patients were excluded if they had undergone total colonoscopy in the previous 5 years or had been diagnosed with inflammatory bowel disease (IBD) or other gastrointestinal disease, coexisting serious illness or were on medication known to be associated with intestinal inflammation or intestinal infection (specifically sought by stool culture). In addition, patients in whom the exam had to be rescheduled for inadequate colon cleansing or in whom colonoscopy was incomplete were excluded.
A full medical history was taken from all patients and a physical examination was performed at the initial consultation. On this occasion, blood tests were also performed, including full blood count, biochemistry profile and C-reactive protein, with additional tests as indicated by clinical circumstances. All patients underwent diagnostic colonoscopy at their referral hospitals according to the clinical judgement of the gastroenterologist responsible for the patient's care. All participants received a screw-capped plastic container for stool collection and were instructed to collect a single stool sample 1 day before the laxative administration in preparation for colonoscopy. No special diet was recommended. Paper collecting devices were used to avoid stool contact with water in the toilet bowl. Stool samples were returned on the same day or within 24 h from defecation (stored at 41C for up to 1 day) to the GI unit and frozen on receipt at -201C until they were analysed for subsequent biomarker determination.
Measurement of faecal calprotectin, faecal tumour M2-PK and faecal occult blood test
All faecal samples were analysed at a single central laboratory (S. Orsola Hospital, Bologna, Italy). Immunochemical faecal tests (HM-Jack, Kiowa; Olympus, Tokyo, Japan) were processed without rehydration, using an automated reading technique; the positivity cut-off value was set at 100 ng/ml according to the results of a pilot trial of ours in the CRC screening setting [20] .
Calprotectin in faecal extracts was analysed, using the calprotectin enzyme-linked immunosorbent assay (ELI-SA), according to the manufacturer's instructions (Calprotectin Buhlmann ELISA; Buhlmann Laboratories AG, Basel, Switzerland). Before testing, the supernatants were thawed, diluted 1 : 50 with assay buffer and then analysed with the test. Calprotectin was expressed as microgram per gram of faeces. According to the manufacturer, a calprotectin level more than 50 mg/g was considered pathological.
Faecal tumour M2-PK concentrations were determined using a commercially available sandwich ELISA based on two different monoclonal antibodies that specifically recognize the dimeric form of M2-PK (ScheBo Biotech AG, Giessen, Germany). A positive test result was defined as more than 4.0 U/l, as indicated by the manufacturer. As both calprotectin and M2-PK are quantitative tests, alternative cut-off values for these two tests were considered to determine whether they might perform better than that according to the manufacturer's cut-offs.
Analysis of colonoscopic findings
Variables studied for all patients entering the study included sex, age, colonoscopy and histopathology findings, and treatment of any colonic lesions found. In particular, accurate data on colonoscopy findings, such as macroscopic features of polyps, size (measured before tissue fixation), location and number of lesions, were recorded by the endoscopist. A dedicated pathologist reported on all the specimens taken. The result of each colonoscopy was classified according to the lesion with the worst prognosis. When no adenomatous polyps or cancer were found, colonoscopy was considered normal. Patients with colonoscopy features suggestive for IBD or ischaemic colitis were excluded from the study. Adenomas were histologically classified as tubular, tubulovillous (25-75% villous component), villous or serrated subtypes. Advanced adenoma was defined as an adenoma of least 10 mm in diameter, with high-grade dysplasia, villous or tubulovillous histological characteristics, or any combination of these. Cancer was defined as carcinoma invading at least the submucosa across the muscularis mucosa (category 5 in the revised Vienna classification of gastrointestinal epithelial neoplasia). In-situ and intramucosal carcinomas were classified as high-grade dysplasia. Cancers were graded according to the tumour node metastasis classification into four stages (I-IV). Adenomas treated by endoscopic polypectomy and found to harbour invasive cancer (transformed adenomas) were classified as stage I cancers.
Ethical considerations
Ethical approval for the study was obtained from the Hospital Research Ethics Committee of the three participating centres and every patient signed a written consent form before entering the study.
Statistical analysis
Statistical analysis was performed by 2 Â 2 tables to calculate the sensitivity, specificity, positive predictive value (PPV) and negative predictive value (NPV) for CRC or advanced neoplasia (advanced adenomas plus CRC) of each faecal test alone or a combination of i-FOBT with M2-PK and/or faecal calprotectin in comparison with the reference standard defined by the results of colonoscopy/histology. There was independence between the reference standard and the faecal tests, as the endoscopist was unaware of the results of faecal tests, and vice versa. The Kruskal-Wallis test was used to assess differences between receiver operating characteristic curves for calprotectin and M2-PK. The software Epicalc 2000 version 1.02 (Brixton Health, Atlanta, Georgia, USA) was used for data management, analysis, tests and graphics as well as for confidence intervals (CIs).
Results
Two hundred and ninety-nine consecutive patients were initially considered eligible for the study at the three participating centres during a 6-month period. The rate of caecal intubation was 97%, whereas in 17 patients, the exam was rescheduled because of inadequate colon cleansing. Moreover, two patients had colonoscopy findings consistent with IBD or ischaemic bowel condition and were therefore excluded, thus limiting the number of useful patients for data analysis to 280 (men 157, mean age 67, range 50-80 years).
Indications for colonoscopy and endoscopic/histologic diagnoses in the enrolled patients are reported in Table 1 . In detail, the main indications for colonoscopy were haematochezia/rectal bleeding, followed by a recent change in bowel habits, which all together represented over 40% of reasons for colonoscopy. All the above mentioned symptoms, in a quite elderly population as ours, have to be considered highly suspicious of an organic bowel disease.
Endoscopy was normal (apart from trivial conditions such as diverticular diseases or small hyperplastic polyps) in 126 patients; CRC was found in 47 and colorectal adenomatous polyps in 107 patients (85 of whom had Total of indications is greater than 100% because some patients had more than one indication for colonoscopy.
Multiple
one or more advanced adenomas and 22 had low-risk adenomas).
The concentrations of calprotectin and tumour M2-PK in the different diagnostic subgroups of patients (those with colon cancer, advanced adenoma and normal findings) are shown in Fig. 1 . For both markers, there were significant differences between patients with colon cancer and those with advanced adenoma (P < 0.01) and between the groups with advanced adenoma and normal findings (P < 0.01). However, a significant overlap was present for both markers among groups, especially between patients with advanced adenoma and those with normal findings at colonoscopy. By contrast, faecal concentrations of tumour M2-PK correlated with the Dukes stage in patients with CRC. Indeed, the mean faecal concentrations of M2-PK were 26. Using the manufacturer's cut-offs of 100 ng/ml faeces for i-FOBT, 50 mg/g for calprotectin and 4 U/ml for tumour M2-PK, the sensitivity, specificity PPV and NPV of the three tests for the detection of CRC and CRC + advanced adenomas are shown in Tables 2 and 3 . FOBT was the test that showed the highest specificity and PPV; M2-PK was the test with the best sensitivity and NPV, whereas calprotectin showed performances similar to M2-PK in terms of sensitivity, but markedly inferior in terms of specificity. The receiver operating characteristic curves evaluating the performances of calprotectin and M2-PK are reported in Fig. 2 . The area under the curve was 0.68 for calprotectin and was 0.84 for tumour M2-PK (P < 0.05). Using a cut-off value of 10 U/ml for M2-PK, the specificity of this test for the diagnosis of CRC increased to 89% (similar to that of i-FOBT), whereas sensitivity reduced to 68%. Further increase in the M2-PK cut-off to 15 U/ml led to an increase in specificity to 89%, but further reduced sensitivity (to 66%). In contrast, alternative cut-off values for calprotectin (416 and 700 mg/g) did not improve the performance of this test in detecting CRC or adenomas (see Tables 2 and 3 ).
According to the results mentioned above, the best combination of tests to predict the risk of cancer in our series of symptomatic patients, and thus capable of establishing different degrees of priority for colonoscopy, was i-FOBT + M2-PK, as reported in Table 4 . Indeed, patients who were found to be positive to both faecal tests (with the M2-PK cut-off value of 10 U/ml) had a risk of colon cancer of 79.3%. In contrast, in those patients who were negative to both markers, the risk of cancer was as low as 4%. Patients with discordant test results (one positive and the other negative) had a risk of colon cancer of 28%, although it should be emphasized that the most common discordant results were the combination i-FOBT negative M2-PK positive (53 cases) rather than the opposite way round (only eight cases, with no cancers).
Discussion
CRC is the second most common cause of death from malignant disease in Italy, with a standardized mortality rate in the year 2002 of 26.4 and 17.2/100 000 inhabitants in men and women, respectively [21] . More important, almost 55% of all patients diagnosed with CRC in our country present with lymph node or distant metastases and, as a consequence, the 5-year age-standardized survival rate is 59.4%, comparable with those reported in other Western European countries such as France, Spain and the Netherlands [22] . Bowel cancer screening offers an excellent opportunity to beneficially alter the survival of patients with premalignant lesions or early cancers; for this reason, mass screening programmes in individuals between 50 and 70 years of age have been implemented or are ongoing in many Western countries, including Italy.
Nowadays, a two-step procedure seems to be the most cost-effective form of CRC screening or early diagnosis and it is currently used in almost all population-based screening programmes active in Europe [23] : it is based on a simple, inexpensive preliminary test (first step) to select those individuals who are most likely to benefit from a more accurate, but invasive and expensive, secondstep investigation, such as colonoscopy. FOBT is the preliminary test that has been used so far, as it has been shown to reduce disease-specific mortality in populationbased randomized trials [5] ; however, it has limited sensitivity and about half of all colonoscopies carried out on the basis of a positive test result show no evidence of neoplasia [20] . Endoscopic resources needed for the diagnosis and treatment of premalignant lesions and early colon cancer represent one of the most important critical aspects of any population-based screening programme. Indeed, the results of various national screening programs [24, 25] show that the waiting time for an endoscopic assessment for patients testing positive to FOBT is beyond acceptable standard limits, indicating a critical situation in terms of endoscopic capacity. With the well-known association between the risk of CRC and age, together with the estimation that by 2015 there will be a 22% increase in the proportion of the population aged over 65 years and a 50% increase in the proportion of individuals aged over 80 years [1] , there is likely to be a significant increase in the demand for CRC cancer services in Europe; this will place further stress on the already hard-pressed gastroenterology services, and the development of noninvasive simple diagnostic tests that can help to rank colonoscopy by priority will be necessary.
In the present study, we tested the hypothesis that a combination of simple faecal tests, such as tumour M2-PK, calprotectin and i-FOBT, performed on a single stool sample, may help to identify patients with a higher risk of CRC and advanced adenoma in a selected population of patients requiring colonoscopy for alarming abdominal symptoms. In terms of tumour M2-PK, with a cut-off level at 4 U/ml (as recommended by the manufacturer), the overall sensitivity for CRC was 87% (95% CI: 75-94%); this detection rate is superior to the sensitivity of both i-FOBT and faecal calprotectin, which were 62% (95% CI: 47-74%) and 86% (95% CI: 62-93%), respectively. This estimate is in agreement with the finding of a series of recently published prospective studies reporting a sensitivity ranging from 73 to 81% [16] [17] [18] [19] [26] [27] [28] . With a cut-off level of 10 U/ml, M2-PK sensitivity for CRC reduced to 68% (95% CI: 54-79%), but specificity increased to 89% (95% CI: 84-92%), which is similar to that of i-FOBT. In terms of sensitivity by tumour stage, no relevant difference could be found between stages I and IV, although sensitivity was maximal for stage IV. However, given that in our study the number of cases per stage was rather limited, larger studies are required to estimate sensitivity by tumour stage more precisely.
The specificity of tumour M2-PK, in terms of detecting CRC (i.e. the denominator includes patients who do not have CRC but does not exclude the presence of adenomas), in this study was estimated to be 63% (95% CI: 56-69%) at the proposed cut-off level of 4 U/ml; this rate was superior to that of calprotectin, which was 40% (95% CI: 33-46%), but inferior to FOBT, which was 89% (84-92%). Considering the still high false-positive rate of M2-PK and also of calprotectin, it is very important to enhance the accuracy of the tests, by combination with other markers. In this respect, we found that the combination of i-FOBT and M2-PK is the 'panel' of faecal tests that yielded the highest diagnostic accuracy for CRC; indeed, the sensitivity, specificity and NVP of this combination of tests were 0. Another factor that deserves appropriate consideration is the potential role of these faecal markers in detecting adenomas, especially the more advanced forms, which are at a high risk of rapid progression to cancer. In this respect, the sensitivity of M2-PK alone as well as in combination with i-FOBT in detecting cancers + advanced adenomas was fairly disappointing and around 0.71, with a specificity not exceeding 0.69. The finding that faecal tumour M2-PK levels are not markedly increased in patients with colorectal advanced adenomas is in contrast to the much higher overall sensitivity that has been reported for invasive CRC. This is, however, consistent with the stage-dependent performance of this test observed for CRC: all relevant studies reported notably higher sensitivity for more advanced CRC than for less advanced CRC [18, 26, 27, 29, 30] . This suggests that in the precancerous phase, the critical stage of neoplasia leading to increased faecal tumour M2-PK levels may not have been reached.
In terms of the usefulness of this panel of faecal tests in the context of CRC screening, considering the specificity of this combination in detecting CRC and advanced adenomas, it is debatable whether its implementation in a population-based screening setting is justifiable, from both an ethical and an economic point of view [31] . However, while awaiting the development of an optimal screening test, it may be feasible to study this combination for individuals identified by current screening programmes (i.e. those >70 years) and who require a test with a sensitivity higher than that of the FOBT (provided that high sensitivity is confirmed by further studies in screening populations) and are well informed on possible false-positive findings. Moreover, M2-PK could be used in appropriate prioritization of patients who tested positive to i-FOBT to create a reasonable waiting list based not only on temporal criteria of booking, but on foreseeable disease risk. In this respect, previous simulations have shown [32] that limited specificity in the long run may reduce the incidence of CRC by ensuring that a large proportion of screened patients undergo colonoscopy, even though more focused and economic approaches to achieve this goal would be highly desirable.
Conclusion
The combination of two simple faecal tests such as i-FOBT and tumour M2-PK represents a highly sensitive tool for the appropriate preselection of patients requiring prompt colonoscopy in clinical practice, as it allows their classification into different risk groups for CRC. By contrast, its potential use for the detection of advanced adenomas requires further investigation, as at the current specificity, the tests would result in a large proportion of follow-up colonoscopies. In particular, further studies in the context of CRC screening should evaluate whether this combination of tests may be more focused and economical than FOBT alone especially in older age groups, in whom colonoscopy is more risky.
